Abstract Background: Rotational alignment of prosthetic components in total knee arthroplasty (TKA) is important to successful outcomes. Component malrotation is a known cause of revision and understanding normal rotational alignment may help recreate normal joint kinematics. To date, no large MRI study assessing femorotibial rotational alignment in nonarthritic knees has been undertaken. Questions/ Purposes: Is Insall's tibial axis a reliable rotational landmark against common femoral rotational axes in the nonarthritic patient population? Methods: We reviewed 544 knee MRI scans performed for suspected soft tissue pathology and identified Insall's tibial rotational axis as well as the femoral clinical trans-epicondylar axis (TEAc), femoral surgical trans-epicondylar axis (TEAs), posterior condylar articular axis (PCA), and a modified Eckhoff's cylindrical axis. The perpendiculars of these axes were superimposed on Insall's tibial axis, and the angular differences were measured. Results: Insall's axis was internally rotated to the TEAc by 1.4°, externally rotated to Eckhoff's cylindrical axis by 1.8°, externally rotated to the TEAs by 2.7°, and externally rotated to the PCA by 3.5°. The mean deviation from 0°(optimal alignment for each femoral axis) was significantly greater for the PCA relative to all other femoral axis. Conclusion: Insall's axis is a reliable landmark for rotational positioning of the tibial component and may optimize femorotibial kinematics in fixed-bearing TKA.
Introduction
There are multiple factors that contribute to a successful outcome in total knee arthroplasty (TKA) surgery. The influence of coronal plane positioning on joint survivorship is well documented and has been the major focus of research in attempts to reduce malpositioning and improving outcomes [1, 2, 14] .
More recently, a greater emphasis on rotational positioning of implants in TKA has evolved. Multiple studies have shown that axial malrotation can result in higher revision rates and lower patient-reported outcome scores [3, 7, 9] . Femoral malrotation errors have been documented to result in patellofemoral pain, as well as flexionextension gap imbalance [9, 15, 25] . Less attention has generally been given to axial positioning of the tibial component and its relationship to femoral rotational alignment (femorotibial congruency). However, it is recognized that tibial component internal rotation errors lead to patella maltracking, changes in implant bone coverage and are a cause of revision knee surgery [11, 17, 18, 27] . While exact congruency between femoral and tibial components is not required for a successful outcome, improvements in knee survivorship and increases in patient expectations necessitate a reduction in alignment errors, including axial malrotation. This may be especially true in highly conforming polyethylene implants.
Common femoral surgical landmarks for femoral rotation include the surgical trans-epicondylar axis (TEAs), the clinical trans-epicondylar axis (TEAc), the posterior condylar axis (PCA), and the AP axis (Whiteside's line). More recently, Eckhoff et al. [15] described a femoral flexionextension axis based on cylinders created from posterior femoral condyles. Intraoperatively, tibial component rotation is commonly set according to either tibial anatomic landmarks or articulation with the femoral component. Insall [19] described an anteroposterior (AP) axis from the junction of the medial and middle thirds of the tibial tubercle to the posterior cruciate ligament (PCL). More recently, a computed topography (CT)-based study by Akagi et al. [5] set an AP axis from the medial border of the patella tendon at its tibial insertion citing closer approximation to the femoral surgical TEA. The range of motion (ROM) technique allows the baseplate to rotate on the cut tibial surface and align itself with a trial femoral component. The disadvantage of this technique is that errors in tibial bone coverage may occur due to a lack of set rotational control and tibial tray design [2, 7] .
These studies of distal femoral and proximal tibial rotational landmarks and subsequent femorotibial alignment have almost exclusively been based on CT imaging and patient cohorts with arthritis and/or deformity [2, 4, 12, 13, 15, 26] . The operative management of patients with osteoarthritis should be aimed at restoring knee alignment and kinematics to the premorbid state. With this goal in mind, the axial rotational difference between the femur and tibia must be shown in a pathology-free cohort using the articular cartilage surfaces as references. We aim to use MRI to compare Insall's tibial axis to various femoral axes, including a modified cylindrical axis based on the posterior femoral articular cartilage instead of subchondral bone. This will be done to answer the clinical question: Does Insall's AP tibial axis remain a reliable tibial component rotational landmark for femorotibial congruency in the native knee?
Patients and Methods
This is a retrospective MRI analysis of 544 skeletally mature patients with normal bony anatomy who previously underwent imaging for suspected soft tissue pathology. Patient demographics can be seen in Table 1 . Inclusion criteria were patients who underwent investigation for suspected anterior cruciate ligament rupture and/or meniscal pathology. Exclusions were associated fractures, previous open reduction and internal fixation around the knee, multi-ligament knee injuries, and degenerative arthritis (Outerbridge grades 3 and 4). T2-weighted, fat-suppressed MR images (GE Hdx 1.5 T MRI system, General Electric, Waukesha WI) were taken with 3-5-mm thickness with patients in the supine position with the leg in full extension. All measurements were completed using Osirix Dicom Viewer (version 5.5.1) (Osirix Foundation, Geneva).
Insall's tibial axis was recorded as a line from the junction of the medial and middle thirds of the patella ligament to the insertion of the PCL at the level of the tibial resection (Fig. 1) . The tibial slice chosen estimated the normal resection level of a TKA as 8 mm below the lowest point of the lateral tibial plateau. The TEAc was defined as the widest point between the medial and lateral epicondyles of the distal femur. The TEAs was defined as the axis from the medial epicondylar sulcus to the lateral epicondyle. Both the TEAc and TEAs were identified on axial images. The PCA was defined as the most posterior point of the posterior femoral articular cartilage in the same axial image as the TEA. A modification of Eckhoff's cylindrical axis was produced by creating a circle with radius of curvature that matched the articular surface curve of the posterior femoral condyle in the sagittal plane on both the medial and lateral sides (Fig. 2 ). The centers of these circles were transposed to the axial film on both the medial and lateral sides, respectively. A line connecting these points created the rotational axis (Fig. 3) . The four femoral axes were translated distally to the chosen tibial resection slice. The angle between Insall's axis and the perpendicular of each femoral rotational axis was measured (Fig. 4) . When Insall's axis was internally rotated to the femoral axis, it was given a positive angular value.
Similarly, external rotation of Insall's axis was given a negative value. Mean angular values and standard deviations (SDs) were recorded. These values landed on both sides of 0°and so may not give a clear representation of the range of angles. Therefore, the mean difference from 0°was calculated by using absolute values for each angle, in each group. The mean and SD for these absolute values were then calculated.
Statistical analysis was performed with Microsoft Excel (Microsoft Excel version 14.1; Redmond WA), XLSTAT (XLSTAT version 2015.3.01, Addinsoft, NY), and STATA 13 (StataCorp, College Station, TX). Shapiro-Wilk testing of data normality failed to show normal distribution. A MannWhitney U test was used to evaluate both the mean angular differences between each Insall-femoral axis angle (e.g., Insall-TEAc vs Insall-TEAs) as well as the mean angular difference from 0°for the same comparisons. Interobserver reliability of the femoral rotational axis was assessed by randomly choosing 20 patients' scans from our cohort and having three senior authors (GCW, DBC, SJM) independently apply femoral axes. Bland and Altman mean difference and 95% limits of agreement were performed for each paired comparison.
Results
Pearson correlation coefficients for interobserver variation showed that all correlations were high, ranging from 0.82 to 0.99 indicating very good to excellent correlations (Table 2) .
A medial sulcus was unable to be identified in 5% of patients (n = 27, females = 15). This left 517 patients to be analyzed in the TEAs group.
Insall's line most closely matched the TEAc and was internally rotated by a mean of 1.4°(SD 4.73°). Insall's line was externally rotated to the remaining femoral axes (Table 3) . This has been shown graphically in Fig. 5 .
Analysis of the mean deviation from 0°demonstrated that Insall-PCA angle was significantly greater than any other combination (Table 4) , and it also had the widest standard deviation.
There was a gender difference such that females had more external rotation of Insall's line relative to men for all femoral axes (Table 5 ). In women, Insall's axis was still internally rotated to the TEAc.
Discussion
The goal of this study to was identify the ability Insall's tibial axis to align with common femoral rotational axes in the native knee. We have shown the Insall's axis most closely aligns with the TEAc and least accurately aligns with the PCA.
There are several drawbacks to our study. Firstly, the MRI scans were performed supine and nonweight bearing which does not engage the screw-home mechanism. This may allow for small variations in flexion and rotation of the knee with alterations in femorotibial congruency. Studies using an open MRI scanner and weight-bearing knee joints have clearly shown a change in rotation of the femur on tibia with progressive knee flexion [16, 21] . Secondly, the limb in our study was not held in a particular rotational position for the MRI scan. Uehara et al. [26] used a boot to control rotation in their CT-based study of femorotibial rotation. Using a mix of TEAs and TEAc, they had an average external rotation of 2.6°to the medial 1/3 of the patella ligament. They also noted an absence of the medial epicondylar sulcus in 29 of 109 patients (26.6%). This leads to the third drawback of our study: the variability of the medial epicondylar sulcus. Our intraobserver variability was low for all anatomical sites (and hence axes) with the exception of the medial sulcus. This landmark itself is variable in depth and can be a challenge to accurately palpate intraoperatively. Fourthly, we cannot comment on the coronal alignment of these limbs as they did not have long-leg standing films. Coronal alignment abnormalities such as a valgus knee with a hypoplastic lateral femoral condyle effects measurements using the PCA.
The most reliable method of achieving optimal rotational positioning of prosthetic components is an unresolved issue in total knee arthroplasty. While numerous high-quality studies have been performed in elderly, arthritic cohorts using investigations that lack the ability to truly describe the knee articulation, only a few have been performed using cartilage surfaces as reference points with MRI.
Our literature review only found one paper using MRI to investigate femorotibial rotational alignment in normal knees. Incavo et al. [17] used MRI scans of 30 patients (16 females, mean age 40) to assess the position of a tibial component if it was placed according to the femoral rotational axis and posterior tibial axis. They did not define angular measurements, but described where the short axis of the tibial component would align with the patella ligament. Using the TEAc, 73% of tibial components pointed within the medial half of the patella ligament. This is similar to our result showing that the clinical epicondylar axis approximates a commonly used tibial rotational axis. The majority of recent work has come in preoperative cohorts and only studied the femoral rotational landmarks. Patel et al. [23] retrospectively reviewed 557 MRIs performed for preoperative TKA planning (mean age 66.5) to assess femoral rotational axes. They showed that the TEAs was 2.38°externally rotated to the PCA. In a similar study, Amaranath et al. [6] reviewed 265 MRIbased surgical plans for patient-specific guides and demonstrated a rotational difference of 2.3°(TEAs externally rotated to PCA). In a smaller preoperative MRI planning study (n = 77), Paternostre et al. [24] found the TEAs to be 3.2°externally rotated to the PCA. Our calculated difference was 0.8°of external rotation. This may be explained by the presence of arthritic change in these cohorts which may result in asymmetric posterior condylar cartilage loss. Park et al. [22] reviewed 251 preoperative MRIs (mean age 69) using the clinical epicondylar axis and found it to be externally rotated by 6°to the PCA. These results are larger than our calculated difference of 4.9°. When attempting to restore healthy knee axial alignment, the cartilage appears to play a small but significant role.
We found that females had an Insall's axis that was more externally rotated relative to men for all femoral axes. The gender difference has been shown previously in the earlier anatomical specimen study by Berger et al. [10] who identified a 3.2°gender difference in PCA versus TEAs.
Insall's tibial axis is a commonly used landmark in total knee arthroplasty. This long-standing rotational axis has served early implants well. As the complexity of prostheses increase (including highly conforming polyethylene, medial pivot and kinematic designs), it is important to reassess the accuracy of both rotational axes and femorotibial congruency. Our study shows that Insall's line remains a reliable landmark that closely approximates the perpendicular of multiple femoral axes. Against all but the TEAc, Insall's line is slightly externally rotated. External rotation of the tibial component improves patellofemoral tracking and avoids the other complications of tibial component internal rotation [11, 17, 18, 20, 27] .
The complications of component malrotation have helped guide surgeons as to what is clinically acceptable. This is true for both the femoral and tibial components. Berger et al. [9] explored component rotation in patients with patellofemoral pain post-TKA and found that combined internal rotation was more prevalent in this painful group than a matched TKA cohort. Rotational measurements from the TEAs and tibial tubercle showed values ranging from −1°to −17°of combined internal rotation. It was felt that both components had equal importance in the combined malrotation. Berard et al. [8] focused attention to the tibial component when looking at 50 TKA patients with stiff knees. Their CT analysis showed tibial components were internally rotated by an average of 13.7°from the center of the tibial tubercle. There is no doubt that TKA is a successful operation, but as the quality of the components continues to increase, it will take long, prospective studies to help identify the subtle aspects of component malrotation to decide what is truly within an acceptable range.
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